1-Introduction
In the last years, a significant number of studies has been devoted to the behavior of natural and synthetic zeolites under pressure (HP), e.g. [1, 2] and references therein. These materials respond to pressure with a variety of behaviors sometimes even unexpected. For instance, comparative elastic analysis [1 and references therein] shows that microporosity does not necessarily imply high compressibility: several zeolitesdue to their extraframework content and to the interactions between the host framework and guest species -are less compressible than other non-zeolitic and denser silicates.
Concerning synthetic porous materials, the effects of applied pressure and molecular spatial confinement can open interesting scenarios. Pressure can play an important role in increasing the efficiency of zeolites as "nano-reactors" in the field of heterogeneous catalysis, favoring the access of reactants and products to/from the catalytically active sites and the aggregation of molecules in the microporous cavities.
To determine the exploitability and the efficiency of a porous material in HP processes, it is essential to study its elastic behavior and the P-induced structural deformations under a series of experimental conditions, e.g. different P regimes and different P-transmitting fluids (PTF). In particular, it is well known that HP studies on porous materials can be performed using penetrating or non-penetrating PTF [3] . The former are usually aqueous/organic mixtures, with molecular sizes small enough to penetrate the zeolite pores, e.g. [1, 4, 5] for a review; the latter are usually molecules too large to penetrate the zeolitic cavities, e.g. [6] [7] [8] [9] . While non-penetrating PTF are mainly used to study the zeolites compressibility, along with P-induced phase transitions and amorphization, the penetrating ones can be used for investigating the P-induced intrusion of extra-guest molecules in the framework pores, e.g. [7, 10] . In particular, H 2 O intrusion in hydrophobic all-silica zeolites is of interest, e.g. to understand the crystal-fluid interactions at the atomic scale in fundamental sciences and in potential technological applications (e.g. inhibition of corrosion, heterogeneous catalysis, water purification). According to the reversible or irreversible character of the intrusionextrusion cycle, the 'water-Si zeolite' systems are able to restore, absorb or dissipate mechanical energy. Consequently, molecular 'spring', 'damper' or 'shock absorber behavior can be observed, e.g. [11] [12] [13] [14] .
Beyond H 2 O condensation inside zeolite cavities, also the hyper-confinement of other guest molecules has been recently studied. It has been shown that the application of external pressure produces the shortening of the intermolecular distances of confined organic molecules (e.g. ethylene, acetylene) hosted in zeolite channels, inducing polymerization reactions without catalysts or radical initiators [15, 16] .
The P-induced intrusion phenomena -beyond favoring the supramolecular organization of the guest species inside the zeolite -have been shown to have also important implications on the overall elastic behavior of the material, as the new guest molecules generally contribute to stiffen the structure, hindering the P-induced deformations [17] [18] [19] .
In this paper, we explore  by synchrotron X-ray single-crystal (SC-XRD) and powder diffraction (XRPD) and using a number of penetrating and non-penetrating PTF  the compressibility and the crystal-fluid interactions upon pressure of a siliceous 5 compound with ferrierite topology, characterized by a neutral SiO 2 framework and expected to favor the penetration of liophilic/hydrophobic guest species [20] .
Ferrierite (framework type FER, topological symmetry: Immm, idealized unitcell parameters: a = 19.0 Å, b = 14.3 Å, c = 7.5 Å, [21] ) is both a well-known zeolite mineral [22, 23] and a synthetic porous material, prepared readily by both aqueous [24] and non-aqueous routes [25] . Its crystal structure [26] [27] [28] (Figure 1 Ferrierite is used in the petrochemical industry as a shape selective catalyst for the production of isobutene [29] . In its Si-rich form, ferrierite has also been used for water purification [30, 31] and for the selective adsorption of alkanes [20] .
The first HP study of ferrierite has been recently published by Arletti et al. [32] .
A natural ferrierite from Monastir (Sardinia, Italy) and its synthetic pure-silica counterpart (hereafter Si-FER) were investigated by means of in situ synchrotron X-ray powder diffraction (XRPD), using penetrating (methanol:ethanol:water 16 The aim of this study is to explore the response to applied pressure of Si-FER by single crystal and powder synchrotron X-ray diffraction, using a series of potentially penetrating and non-penetrating PTF. The following aspects will be discussed:
1. the structural deformations at the atomic scale induced by compression; 2. the elastic behavior in response to the applied pressure; 3. the potential penetration process of H 2 O and/or other organic guest molecules;
4. the reversibility of the observed phenomena;
5. the comparison between the overall elastic behavior of Si-FER and those of other siliceous zeolites;
6. the role played by the different surface area in single crystal and polycrystalline samples and by the process kinetics on the compressibility and crystal-fluid interactions Moreover, the single-crystal structure refinements here performed on the data of Si-FER compressed in m.e.w. will allow integrating the results obtained in the previous powder study by Arletti et al. [32] , with further atomic-scale descriptions of the Pinduced deformation mechanisms.
-Materials and experimental methods
The Si-FER here investigated was synthesized according to the protocol reported in Rakoczy et al. [33] . Electron microprobe and thermogravimetric analyses [32] 7 confirmed the expected chemical formula (Si 36 O 72 ) and the absence of template molecules within the structural voids.
-HP single-crystal X-ray diffraction experiments
The in situ HP single-crystal X-ray diffraction experiments were performed at the horizontally by a bent Si-(111) monochromator. The diffraction patterns were collected by a MAR555 flat-panel detector. At any pressure point, the same data collection protocol was applied: an ω-rotation of the DAC between -30° and +30°, with 1° rotation step and 1 s/frame exposure time. The collected diffraction patterns were analyzed using 8 the Crysalis software [37] . The unit-cell parameters were determined, from any dataset, by least-squares refinement based on the position of the diffracted peaks. The structure refinements, based on the peak intensities corrected for Lorentz-polarization effect and for absorption of the DAC components (using the semi-empirical ABSPACK routine implemented in Crysalis), were performed using the JANA2006 software [38] . For the silicone oil experiment, the structure refinements of three observed polimorphs (see section 3.1) were performed starting from the atomic site positions found using the SUPERFLIP program [39] , implemented in JANA2006. The crystal structures of the Pmnn and P12 1 /n1 polymorphs (see section 3.1) were refined using independent isotropic displacement parameters (idp's) for any atomic position. Due to a lower number of observed reflections (Table 1 ) and, more in general, to a lower quality of the HP diffraction data, for the P2 1 /n11 polymorph the nine Si sites were restrained to share the same idp and the same was applied to the eighteen oxygen atoms ( Table 2) . At any pressure point, soft restraints to the intra-tetrahedral bond distances were applied (with Si-O = 1.61±0.02 Å). All the refinements converged with no significant correlations among the refined parameters and with residual peaks in the difference-Fourier maps of electron density ≤ |1.5| e -/Å 3 . Further details on the structure refinements are reported in Tables 1, 2 (site coordinates and idp's) and 3 (relevant structural parameters).
-HP X-ray Powder Diffraction experiments
XRPD experiments were performed at the SNBL1 (BM01a) beamline at ESRF using modified Merril-Bassett DACs [40] . Two different experiments were performed, using ethylene glycol and 2methyl-2propen-1ol. Pressure was calibrated using the ruby 9 fluorescence method [41] , on the non-linear hydrostatic pressure scale [34] . The estimated P-precision was 0.05 GPa. The diffraction data were collected in the DebyeScherrer geometry on a Dectris 2M Pilatus image plate. One-dimensional diffraction patterns were obtained by integrating the two dimensional images with the FIT2D software [42] . Rietveld full-profile fitting was performed using the GSAS package [43] with the EXPGUI [44] interface. The starting atomic coordinates for the orthorhombic structure were taken from the structural model of Morris et al. [28] . The background curve was fitted by a Chebyshew polynomial with 20 coefficients. The pseudo-Voigt profile function by Thomson et al. [45] was applied, and the peak intensity cut-off was set to 0.1% of the peak maximum. The unit-cell parameters were allowed to vary for all refinement cycles.
The experiments were performed from 0. Tables 1d and 2d (deposited); while selected integrated patterns from the two ramps are reported in Figure 2 .
-Results

-Single crystal HP-experiment in silicone oil
The P-induced evolution of the unit-cell parameters of Si-FER compressed in s.o. is reported in Table 4 and is shown in Figure 3 . These experimental data show a remarkable flexibility of the ferrierite framework at high pressure. A first displacive phase transition occurs from the orthorhombic space group Pmnn to the monoclinic subgroup P12 1 /n1 at ~ 0.7 GPa, as confirmed by the reflection conditions shown in Figure 4 . A pseudo-orthorhombic twinning, favored by β ≈ 90° (Table 4) ("type-II" transition according to Christy [47, 48] ). The reconstruction of the 0kl* reciprocal plane, reported in Figure 4 , shows a clear split of the diffraction spots following the second phase transition, due to the occurrence of four twin domains. The high-P P2 1 /n11 polymorph is stable at least up to 3.00(7) GPa ( Figure 3 , Table 4 ), where a decrease in intensity and a broadening of the diffraction peaks suggested an impending deterioration of the long-range order of the investigated crystal, even in response to the non-hydrostaticity of s.o. at this pressure [49] .
The three Si-FER polymorphs share a virtually identical bulk elastic behavior, being their average volume compressibilities (4), 0.056(9) and 0.055(3) GPa -1 , for the Pmnn, P12 1 /n1 and P2 1 /n11 polymorphs, respectively (P min -P max are P 1 -P 3 , P 4 -P 6 and P 7 -P 12 , respectively, Table 4 ).
The components of the unit-strain tensor and of the related compressibility tensor, for any polymorph, were calculated between the lowest and the highest experimental Ppoints (within the respective phase stability fields, Table 4 ) using the Win_Strain software [50] . The finite Eulerian strain tensor was adopted coupled with the following Cartesian axial system: x//a* and z//c. The magnitude and the orientation of the principal coefficients of the compressibility tensor for the three polymorphs (with | 3 | > Table   3 ). As a consequence, in the stability field of the orthorhombic polymorph, the bulk volume contraction is accommodated by compression of the channels and of the ferrierite cages, along the three crystallographic axes. Upon the Pmnn-to-P12 1 /n1 phase transition, the mirror element and, as a consequence, the symmetry constraints are lost.
This allows, beside the channel and cage compression, also an "elliptical" deformation of the 6-10-and 8-rings ( Figure 1 ). This is described by their "deformation ratio", here defined as Ε = S/L (Table 3) , where S and L are the shortest and longest ring diagonals, respectively ( Figure 1 ). This deformation partially accommodates the bulk compression, as can be deduced by Figure 1 , through the deviation of the O1-O1-O1 intertetrahedral angle from 180° ( Table 3 ). The (Table 3) , and, to a lesser extent, of the 10MR[001]-channels. In the stability field of the P2 1 /n11 polymorph, the main deformation mechanisms at the atomic scale are basically analogous to those observed for the P12 1 /n1 polymorph.
Upon pressure release, the orthorhombic unit cell is completely restored, as well as the Pmnn crystal structure (Tables 1, 2 and 3) , suggesting a complete reversibility of the complex high-pressure behavior previously described.
-HP-experiments with potentially penetrating P-transmitting fluids
-Single-crystal experiments: unit-cell parameters vs. P
The HP behavior of Si-FER with m.e.w. as PTF was investigated up to 3.86(7) GPa, collecting data at eight experimental P-points ( Figure 5 ; Table 3d -deposited). The orthorhombic Pmnn structure is found to be stable at least up to 0.95(2) GPa. A phase transition to the P12 1 /n1 polymorph occurs between 0.95(2) and 1.55(2) GPa, and the monoclinic polymorph is observed up to the highest investigated pressure. The phase transition is reversible and the orthorhombic space group is restored after the pressure release.
The HP behavior of Si-FER, compressed in e.gl., was investigated up to 4.05 (2) GPa, collecting data at twelve pressures ( Figure 5 , Table 3d -deposited). The orthorhombic polymorph is stable up to 0.57(1) GPa. The monoclinic P12 1 /n1 polymorph is observed in the pressure range 0.93(2)-2.37(1) GPa, and its structure is successfully refined. Between 2.63(4) and 4.05(2) GPa, both the unit-cell parameters and the structure refinements in the monoclinic space group lead to unsatisfactory figures of merit. Since no hints for the phase transition to the P2 1 /n11 polymorph could be found, we are inclined to consider a potential P12 1 /n1-to-P-1 phase transition as
likely. An attempt to refine the crystal structure of the triclinic polymorph was tried, but unsuccessfully, probably for the high number of structural variables involved. Upon decompression, the Pmnn polymorph is restored.
Si-FER compressed in m.p.o. (nine experimental P-points up to 2.08(4) GPa, Figure   5 , Table 3d -deposited) shows a behavior in the low-P regime similar to that observed 14 using silicone oil and e.gl.: the Pmnn polymorph is stable at least up to 0.58(2) GPa.
The P12 1 /n1 polymorph is observed in the range 0.77(3)-2.08(4) GPa, with an apparent discontinuity in the elastic behavior between 1.04(5) and 1.30(1) GPa ( Figure 5 ).
Datasets collected at P > 2.08 GPa show a significant decrease in the quality of the diffraction peaks, which do not allow neither the refinement of the unit-cell parameters, suggesting an impending amorphization or a severe deterioration of the crystal longrange order. Upon decompression, the orthorhombic structure is fully restored.
Two further HP experiments were conducted on Si-FER single-crystals, using e.gl.
and m.p.o. as PTF, but adopting a "fast-compression strategy": the pressure was singlestep raised from room-P to 1.55(4) and 2.23(3) GPa, respectively. In both cases, the Pmnn-to-P2 1 /n11 phase transition is observed. It is worth to remark that, in the previously described "slow" compression experiments, this HP-polymorph is observed at about 1.24 GPa only using s.o. as PTF.
-Single-crystal experiments: structure refinements at high pressure
All the refinements converged to satisfactory final agreement factors, with no significant correlation among the refined parameters. Difference-Fourier maps of the electron density were calculated for all the structure refinements, in order to locate potentially intruded molecules within the structural voids of Si-FER. In the case of the 
-Powder experiments: unit-cell parameters vs. P
The results of the HP XRPD study of Si-FER using e.gl. as PTF (ten experimental P-points up to 3.40 GPa) are in good agreement with the single-crystal data. Between 0.6 and 0.9 GPa, the sample undergoes a phase transition to the monoclinic polymorph P12 1 /n1, which is stable at least up to 3.40 GPa ( Figure 5 ). Up to 0.60 GPa, the cell parameters undergo isotropic compression accounting for a volume variation of ~2% (Table 1d -deposited). At pressures above the phase transition, a parameter undergoes a stronger compression, accounting for a total variation of -4.5 % at 3.4 GPa (against -2.9 and -2.5 % of b and c, respectively, GPa (against -13.3% of the P12 1 /n1 polymorph). Datasets collected at P > 5.25 GPa showed a significant decrease in the quality of the diffraction data, which does not allow neither the refinement of the unit-cell parameters, suggesting a deterioration of the structural long-range order. Upon pressure release, the orthorhombic structure is fully restored.
-Discussion
The analysis of the complex HP behavior of Si-FER shows different compressibility values and diverse phase-transition paths depending on the process kinetics and on the nature of the P-transmitting fluids.
Compression using silicone oil as non-penetrating PTF evidences a remarkable flexibility of the [FER]-framework, which undergoes two changes in symmetry through displacive phase transitions, with preservation of crystallinity at least up to 3.00(7) GPa ( Figure 3 ; Table 4 ). Similar results were found also by Arletti et al. [32] for the same sample, even though in that experiment only one phase transition (to P121/n1) was clearly observed. These data may be coupled with the results obtained from a hightemperature X-ray diffraction study of Si-FER [52] , which show the occurrence of a displacive phase transition from the starting Pmnn space group to Immm at 400 K. In this light, the following phase-transitions path may be proposed for siliceous ferrierite at varying T and P:
where Pmnn is the stable polymorph at ambient conditions and P-1 is a necessary transient state between the P12 1 /n1-to-P2 1 /n11 phase transition (type-II phase transitions of Christy [47, 48] ). , is characterized by higher unit-cell volumes (at comparable pressures), which suggest a P-induced penetration of molecules at a very low-P regime. This is also confirmed by the intensity ratio of the first diffraction peaks (i.e. at low -value) of the XRPD patterns, the most sensitive to the extraframework content and distribution. In fact, while in the experiments performed in e.gl. and m.p.o. their ratios remain almost constant up to the phase transition pressure (above which some changes are observed, Figure 2 ), in m.e.w. their intensity ratio varies significantly also in the low-P regime [32] . This is in agreement with Cailliez et al. [11] , who reported the occurrence of H 2 O intrusion at 100 MPa, based on mercury porosimetry analysis and molecular simulations. The significantly higher Pmnn-to-P12 1 /n1 phase transition pressure in m.e.w., if compared to the experiments with the other three aforementioned P-fluids ( Figure 5 ), further suggests the occurrence of a crystal-fluid interaction which leads to a significant "extension" of the P-stability field of the orthorhombic polymorph. Arletti et al. [32] , by in situ synchrotron XRPD HP-experiment on the same sample, found the P- 2) from SC-and powder-data, the compressibility of the P12 1 /n1-polymorph in e.gl. is lower than that of the same polymorph in the other penetrating P-fluids ( Figures   5 and 7) , suggesting the onset of a P-induced molecule penetration above the Pmnn-to-P12 1 /n1 transition pressure, according to the broad peaks found in the difference electron density map ( Figure 6 ).
3) The direct Pmnn-to-P2 1 /n11 phase transition observed during the single-step compression (from room-P to 1.5-2.0 GPa) of Si-FER single crystals in e.gl. and m.p.o.
suggests that kinetics is also a fundamental variable influencing the crystal-fluid interactions at high pressure. Based on these results, we suggest that: i) a fast kinetics may prevent the P-induced molecule intrusion, leading to the highly compressed P2 1 /n11 polymorph and, on the other hand, ii) in the experiments where the extension of the P12 1 /n1 stability field is observed, the P-induced penetration of the fluid molecules may be reasonably assumed.
As reported in the previous section, the SC-data did not allow an unambiguous structural characterization of the intruded molecules. However, some information can be extracted from the atomic scale analysis of the framework deformation mechanisms. In particular, we will focus on the "elliptical" deformation of the 6-, 8-and 10-rings of tetrahedra ( Figure 1 ). This mechanism takes place only after the disappearance of the mirror plane at x = 0, i.e. following the Pmnn-to-P12 1 /n1 phase transition. Table 3 reports the evolution with pressure of the "deformation parameters" E = S/L (S and L:
shortest and longest diameters, respectively) of the 6-, 8-and 10-rings of Si-FER from the HP-experiments. These data show that the 6-and 10-rings of Si-FER compressed in e.gl. and m.p.o. experience a higher "elliptical" deformation if compared to that observed in s.o. and m.e.w. at comparable pressures ( Figure 8) . Similarly, the 8-rings, which define the access to the fer-cage from the 10MR-channels, show a slight, but significant, deformation in the samples compressed in s.o. and m.e.w., but are almost undistorted when compressed in e.gl. and m.p.o. (Figure 8 , Table 3 ). These experimental findings suggest the occurrence of different crystal-fluid interactions able to influence the framework deformation mechanisms, likely ascribable to the P-induced penetration of molecules from the fluid into the structural pores of the zeolite. The disordered distribution of the residual electron density (Figure 6 ) suggests the occurrence of several partially occupied extraframework sites, where clusters of molecules can be hosted, in agreement with the previous findings of Arletti et al. [32] , based on in situ synchrotron powder diffraction data, and Caillez et al. [11] , based on molecular simulations.
-Concluding remarks
This HP study demonstrates the remarkable flexibility of Si-FER, an industrially important porous material. Coupling our results with those from Bull et al. [52] , the following symmetry changes can be proposed for pure siliceous ferrierite at varying T and P:
where Pmnn is the stable polymorph at ambient conditions.
It is worth to note that in Al-bearing ferrierites, the structure symmetry is also governed by the nature and the location of the extraframework components, as confirmed by the different space groups reported in the literature for natural or synthetic samples: Immm [e.g. [53] [54] [55] , I222 [56] , Pnnm [27] and P12 1 /n1 [57] .
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The high-pressure study of Si-FER using different potentially penetrating PTF showed the occurrence of a complex behavior in response to the nature of the P- If we compare the HP behavior of the high-silica zeolites compressed in s.o.
reported in literature, it results that Si-FER is one of the less compressible. In fact, in the range P amb -1.2 GPa (selected for an easy comparison) the volume variation is -4.09% in Si-FER [32] , -6.4% in HS-MOR [61] , -5% in silicalite-1 F and -6.6% in silicalite-1 OH [10] . Only all-silica Y [62] shows a lower volume variation: i.e. -2.6%. These results confirm, once again, that zeolite compressibility is not simply related to the material porosity, expressed by the "framework density" (FD, [21] ). Specifically, Si-FER (FD = 23 17.6 T/1000 Å 3 ) is unexpectedly more compressible than siliceous zeolite-Y, which is characterized by the lowest FD (13.3 T/1000 Å 3 ) among the aforementioned compounds.
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